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Abstract— In this work, the parasitic discrete fluctuation
of dark current (dc) called random telegraph signal (RTS)
is analyzed in image sensors based on two different semi-
conductor materials: InSb and silicon. The results show that
this dc-RTS phenomenon exhibits similar characteristics on
both technologies strongly suggesting a common physical
origin. This conclusion is extended to InGaAs and HgCdTe
(also referred to as MCT)-based image sensors by compar-
ing the presented results to the existing literature.
Index Terms— CMOS image sensors (CISs), dark
current, detectors, fluctuations, image sensors, indium
antimonide, infrared, InSb, random telegraph signal (RTS),
silicon, solid-state image sensors.
I. INTRODUCTION
IMAGE sensors are widely used in many imaging sys-tems ranging from commercial to scientific applications.
These imagers are manufactured using different technologies
depending on the final use. For visible and near-infrared (NIR)
imaging, silicon-based image sensors are generally preferred.
On the contrary, other semiconductors such as InSb, for
MidWavelength InfraRed (MWIR) application, InGaAs for
Short-Wavelength InfraRed (SWIR) application, or HgCdTe
(also referred to as mercury cadmium telluride or MCT) from
NIR to Long-Wavelength InfraRed (LWIR) are used to detect
infrared wavelengths.
As image sensor’s sensitivity is continuously improving
over the years, one parasitic phenomenon becomes the limiting
parameter for a growing number of applications: the dark
current random telegraph signal (dc-RTS). It corresponds to
a background signal directly collected by the photodetec-
tor that switches randomly between discrete current levels.
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Consequently, it becomes difficult to subtract this unwanted
contribution to the collected signal, because transitions appear
randomly with time. This implies calibration challenges and
errors in measurements, which are neither permanent nor
predictable. In the literature, the origin of the dc-RTS phe-
nomenon has already been discussed in many silicon-based
image sensors [1]. It is commonly admitted that this signal is
due to the variation of a center generation rate, but the reason
for such variation is not well understood.
Two main explanations are generally proposed.
1) The modulation of the electron/hole pair generation
rate of a generation center by another defect which
would change its configuration by capturing and emitting
carriers [2]–[4].
2) Metastable generation centers switching spontaneously
between several possible configurations and without
involving the trapping and emission of a charge
carrier [5]–[8].
The purpose of this work is to discuss the observed dc-RTS
signals in several materials. The objective is to analyze and
compare them, in order to highlight possible similarities.
II. EXPERIMENTAL DETAILS
This article presents the results of two comparative measure-
ment campaigns: one on a silicon-based image sensor and the
other on an InSb device. Both pixel arrays use a reverse-biased
photodiode as a photodetector. The silicon-based imager is a
front-side illuminated CMOS active pixel sensor, also called
a CMOS image sensor (CIS). It has been manufactured using
a commercial 180-nm CIS process and is made of 512 ×
512 pixels with a 7-μm pitch. Each pixel is composed of
four transistors and a pinned photodiode (PPD) [9] depicted
in Fig. 1. In the studied pixel array, the transfer gate (TG)
is biased to 0 V when it is turned off and its channel
cannot be fully accumulated. For this particular study, a sub-
set of 100 000 pixels with the same design has been used.
Various measurements were performed at several temperatures
between 2 ◦C and 22 ◦C.
For each temperature, 10 000 frames were acquired with an
integration time of 0.2, 0.5, or 1 s. As observed in infrared
Fig. 1. Cross section of the 4T PPD. The P implants isolate the SCR
from the oxide.
Fig. 2. Cross section of the InSb photodiode.
sensors, nonirradiated silicon pixel arrays have dc-RTS pix-
els [10] but only a small amount. In order to obtain more
statistics for this comparison, the CIS was irradiated with
10-keV X-rays up to 10 krad. It has already been demon-
strated [11] that this type of irradiation increases significantly
the number of RTS pixels without changing their nature.
In these conditions, most of the observed RTS are either bilevel
RTS or multilevel RTS caused by the superimposition of two
or more RTS centers in the same pixel.
The InSb imager sensor uses a direct injection readout
circuit. It consists of 320 × 256 pixels and operates at
cryogenic temperature. The cross section of the reverse-biased
InSb photodiode is shown in Fig. 2. Several measurements
were done at several temperatures around 80 K. As for the
silicon detector studied here, the wide majority of observed
RTS in this unirradiated InSb pixel array are two-level RTS
or a sum of two-level RTS.
The results on InGaAs and HgCdTe materials that are
presented in this article are based on the literature.
III. EXPERIMENTAL RESULTS: MEAN DARK CURRENT
The dark current is the remaining signal that is col-
lected when there is no incident photon. This parasitic
signal originates in the thermally stimulated generation of
electron–hole (e–h) pairs. Intrinsic defects which introduce
energy levels within the bandgap can assist this phenomenon.
Fig. 3. Mean dark current evolution with 1/kT of the silicon detector:
extraction of the mean dark current activation energy.
Two different mechanisms at the origin of dark current are
considered in the semiconductor materials of interest for this
study [12].
1) The Shockley–Read–Hall (SRH) generation current
which corresponds to the e–h pair generation in the
depletion region, also called space charge region (SCR).
2) The diffusion current which corresponds to the e–h pair
generation outside the SCR. Those carriers are then
collected by the diffusion process.
A. Mean Dark Current in Silicon-Based Imagers
Because of their high sensitivity, low noise, and ultralow
dark current, 4T PPD CIS represents the main silicon image
sensor technology today. Fig. 3 shows the mean dark current
observed as a function of the temperature of the studied 4T
PPD pixels (unirradiated). In this case, the TG is depleted
and the PPD depletion region reaches the oxide interfaces in
the TG vicinity. It can be seen that the trend of dark cur-
rent with temperature is exponential, following an Arrhenius
law. The slope allows the extraction of an activation energy,
which corresponds to the half of the silicon bandgap (the
measured value, 0.62 eV, is slightly higher than the midgap
value, 0.56 eV, because the variation with the temperature
of the exponential prefactor [12] is not taken into account
in the calculation). Such evolution with temperature sug-
gests that the underlying mechanism is the SRH generation
inside the SCR due to defects with energy levels close to
midgap [12]. On the contrary, when the TG is accumulated,
the SCR narrows, and the mean dark current activation
energy becomes more important (around the full bandgap
value: 1.12 eV as shown experimentally and discussed in
detail in [13] and [14]). This reveals that when the deple-
tion region is not reaching any oxide, the diffusion current
dominates. It also shows that in nonirradiated high-quality
silicon wafers, the density of bulk defects with energy levels
close to midgap is low enough to be hidden by the diffusion
current mechanism. For the same reason, when the TG is
properly accumulated, very few RTS pixels can be seen in such
devices [10].
B. Mean Dark Current in InSb-Based Imagers
InSb imagers are used to detect MWIR wavelengths. The
bandgap is 0.23 eV at 80 K. The narrow bandgap, the high
Fig. 4. Mean dark current evolution with 1/kT of the InSb detector:
extraction of mean dark current activation energy. A.U. stands for arbitrary
unit.
Fig. 5. Cross section of an HgCdTe-based photodiode.
carrier mobility, and the low life time of minority carrier
due to defects imply a huge dark current at room tem-
perature and necessitate operating the detector at cryogenic
temperatures.
Fig. 4 shows the mean dark current as a function of the
temperature measured on the studied InSb detector. The slope
gives an activation energy close to 0.135 eV. As for silicon,
this value is approximately half of the bandgap width (slightly
higher for the same reasons as for silicon), which points
to a SRH generation mechanism inside the SCR. This can
be explained by the fact that in the InSb photodetector,
the depletion region reaches the passivation oxide interface
(on the side of the P-doped region in Fig. 2) that is rich in
interface defects (and thus midgap generation centers). Such
conclusion agrees well with [15] that demonstrates that the
diffusion current empirical model from [16] does not match
the observed behavior.
C. Mean Dark Current in HgCdTe-Based Imagers
Fig. 5 shows a HgCdTe photodiode cross section with a
ZnCdTe substrate. It depicts an intrinsic n-on-p legacy tech-
nology, doped with mercury vacancy and boron implantation.
CdTe/ZnS is used for passivation. The bandgap of HgCdTe
can vary from 0 to 1.5 eV, depending on the alloy used, that
is, the cadmium stoichiometry.
In the literature, dark current studies for P on N technol-
ogy [17], [18] focus on two types of infrared bands: MWIR
blue (λ = 4.2 μm at 150 K and bandgap of 0.3 eV) and
Fig. 6. Cross section of an InGaAs-based photodiode. SCR stands for
space charge region.
MWIR red (λ = 5.3 μm at 130 K and bandgap of 0.23 eV).
The temperature range used in these studies is [130, 180 K].
In both cases, the mean activation energy for dark current
is around the value of the full bandgap. This reveals that
on the contrary to InSb imagers, the mean dark current
seems to be dominated by the diffusion mechanism. Moreover,
the empirical diffusion current model from [16] applies well to
HgCdTe photodiodes. It can also be noticed that for this type
of photosensitive elements the passivation is made without an
oxide thus reducing the number of interface-related defects
in the depletion region. This most likely explains why the
diffusion current contribution dominates as in silicon CIS pix-
els when the oxide interfaces are passivated by accumulating
the TG. Finally, it can be concluded that all these observations
support the idea that dark current in HgCdTe-based image
sensors is dominated by the diffusion mechanism in the studied
temperature range (130–180 K).
D. Dark Current in InGaAs-Based Imagers
Fig. 6 shows the cross section of an InGaAs photodiode.
Zinc is used for the P doping [19]. The bandgap is 0.73 eV
wide and thus this technology can be used at temperatures
higher than cryogenic temperature, which makes it an attrac-
tive infrared detector technology. It has been clearly demon-
strated in the literature that InGaAs photodiode dark current is
dominated by the diffusion mechanism [19]–[21], as in silicon
PPD CIS with the TG accumulated and as in HgCdTe devices.
As mentioned for MCT in the previous section, it can be
noticed that the passivation layer in the investigated InGaAs
photodiodes is not an oxide, which prevents here again the
creation of midgap interface SRH generation centers.
IV. EXPERIMENTAL RESULTS: DARK CURRENT RTS
In order to detect RTS pixels, several thousands of images
are acquired, and then processed. An automatic tool [22] based
on a simple edge detection technique is used to extract the
population of RTS pixels in the image sensor.
A. Influence of the Illumination
The RTS signal studied here is assumed to come from
a fluctuation of the dark current. This seems obvious in
Fig. 7. Influence of illumination on RTS. A silicon detector is used at
the top (at 22 ◦C) with a halogen lamp to illuminate the sensor. At the
bottom, an InSb detector is used with a blackbody whose temperature is
varied to modify the illumination level. A.U. stands for arbitrary unit.
silicon detector studies where all the measurements are per-
formed in the dark (without illumination) but it may not
be that clear when characterizing RTS in infrared detectors
where a background illumination is almost always required
to perform the measurement. Hence, this section aims at
clarifying the influence of illumination on the studied RTS
phenomenon.
Fig. 7 presents the signal of one pixel at different illumina-
tion conditions for a silicon detector at the top, and an InSb
imager at the bottom. In both cases, it can be seen that the main
RTS characteristics (number of levels, amplitude, and time
constants) remain the same. The only changes are the offset
variation due to the change in illumination and the background
noise increase which corresponds to the addition of the photon
shot noise. It can thus be inferred that the studied RTS signal
does not come from the illumination and is not influenced by
it. It confirms that the studied phenomenon is coming from
the dark signal of the detectors.
B. Influence of the Integration Time
Figs. 8 and 9 show the evolution of one RTS signal at
several integration times for the studied silicon imager and
the studied InSb detector, respectively. For the silicon-based
image sensor, it can be seen that there is a direct influence of
the integration time on the amplitude, but not on the time
constants nor on the number of levels. This behavior was
already reported in [23]. It can be observed that the amplitude
is proportional to the integration time. Thus, it can be deduced
that the mechanism responsible for RTS signals is located in
the photodiode because the integration time corresponds to the
Fig. 8. RTS amplitude as a function of integration time for one pixel of the
silicon-based imager at 22 ◦C. The RTS signal is shown on the left. The
RTS amplitude evolution as a function of integration time is displayed on
the right.
Fig. 9. RTS amplitude as a function of integration time for one
pixel of the InSb-based imager at 80 K. (Top) RTS amplitude as a
function of integration time. (Bottom) Temporal RTS trace. A.U. stands
for arbitrary unit.
charge collection time while the transfer and readout durations
stay constant whatever the exposure time.
Regarding the InSb-based imager, the same behavior is
observed in Fig. 9. The amplitude appears proportional to
the integration time. Here again, the time constants and the
number of levels do not change when the integration time
increases. Consequently, it can be concluded that the studied
RTS phenomenon also originates from the photodiode dark
current in InSb-based detectors.
C. Statistical Analysis of the RTS Amplitudes
The extraction of all RTS pixels from the image sensors
allows performing statistical analysis on the main parameters,
such as the RTS amplitude. Fig. 10 shows the histogram of
Fig. 10. Distributions of dc-RTS amplitudes for silicon at 22 ◦C (at the
top for ≈6400 detected RTS pixels) and InSb at 80 K (at the bottom
for ≈5400 detected RTS pixels).
the amplitudes for the case of the silicon detector at the top
and the InSb image sensor at the bottom. The distribution
shape is comparable in both cases. Above a current value
corresponding to the detection threshold, the distributions
decrease by following an exponential law characterized by
f (x) = K × exp(−λ × x). (1)
In these semilogarithmic plots, this exponential decrease
appears as a straight line and its slope gives the parameter λ.
It is worth mentioning that 1/λ is also the mean value of the
exponential distribution. For the silicon imager, the slope of
the distribution gives a value 1/λ ≈ 110 e−/s at 22 ◦C. This
value has been confirmed several times in the literature for
dc-RTS induced by oxide defects in silicon [23], [24].
As mentioned above, the decrease of the number of pixel
number at low amplitude is due to the detection limit. Indeed,
as noise becomes predominant for these low amplitudes,
it becomes difficult to detect RTS signals and the number of
detected RTS pixels is lower than reality. Moreover, in the
literature [24], such exponential distribution of amplitudes has
also been observed for HgCdTe and InGaAs image sensors.
The slope of the exponential curve gave 1/λ values around
210 e−/s at 200 K for HgCdTe detector and 250 ke−/s at 293 K
for InGaAs-based photodiodes. Finally, since the reported RTS
amplitude distribution shapes are the same for these four
considered semiconductor materials, this analysis suggests that
the underlying mechanism responsible for RTS could be the
same for these different detectors technologies.
D. Temperature Dependence
The RTS phenomenon is thermally activated and the
behavior of amplitudes with temperature has been reported
Fig. 11. Histogram of RTS amplitude activation energies on ≈500 RTS
pixels for on the (left) silicon and (right) InSb.
in many articles [5], [6], [25]–[28], but mostly on silicon
detectors.
Fig. 11 presents the histograms of the amplitude activation
energies extracted from the population of RTS pixels which
parameters could be accurately followed over the chosen
temperature range (about 500 pixels for each detector) on the
silicon-based imager (on the left) and the InSb one (on the
right). A Gaussian-like shape is observed, with a peak at
0.6 eV for silicon (in agreement with the literature) and 0.1 eV
for InSb. These values are not identical from an absolute point
of view, but they are both close to half the bandgap width of
their respective materials. This suggests an SRH generation
mechanism from a depleted area for both materials. Moreover,
in [24] and [26], the activation energy is 0.1 eV for a bandgap
of 0.2 in HgCdTe. As for silicon and InSb, the underlying
mechanism seems to be the e–h pair generation in depleted
regions, even if the mean dark current is dominated by the
diffusion contribution. Finally, in InGaAs [24], the value of
the activation energy of RTS amplitude is about 0.44 eV for
a bandgap of 0.73 eV. The ratio is slightly above 0.5, but
still suggests an e–h pair generation mechanism in a depletion
region.
V. DISCUSSION
Table I recaps the characteristics of dark current and RTS
amplitude for silicon and InSb detectors from this work along-
side additional silicon, HgCdTe, and InGaAs data from the
literature. For amplitude activation energies in silicon devices,
many results can be found. Some of them show results below
half the bandgap width. This is usually justified by the fact
that a high electric field region exists in the studied device
and that the apparent activation energy is lowered because of
the electric field enhancement (EFE) phenomenon. However,
the conclusion is always the same, even in the case of EFE: the
silicon dc-RTS signal appears to originate from the SRH
generation mechanism in depleted areas.
It has been shown in the previous sections that the mech-
anism responsible for dc-RTS appears similar for the four
semiconductor materials studied in this work. It seems to be an
SRH e–h pair generation process in depletion regions in every
case, even if the mean background dark current is dominated
TABLE I
SUMMARY OF DARK CURRENT AND DC-RTS PROPERTIES OBSERVED
FOR EACH TYPE OF SEMICONDUCTOR-BASED IMAGER 
by a diffusion current.1 Consequently, defects which induce
this RTS phenomenon are most likely located inside the SCR.
As mentioned previously, two major hypotheses have
emerged considering the origin of dc-RTS. The first one is the
modulation of a generation center by a defect which would
capture and emit single charges (as discussed in Section I).
Since the results show that the RTS signal seems to originate
from an SCR, it suggests that the modulator is also located
inside the photodiode SCR. In such depletion region under
nonequilibrium condition with p-n  n2i electron (or hole)
capture probability is extremely low and the generation mecha-
nism (emission of both holes and electrons) dominates. Hence,
a modulator defect that would change state by capturing
and emitting a single type carrier (electron or hole) with
a comparable probability in such depletion region is very
unlikely.
1It is worth discussing further this latter particular situation. There are two
typical situations where the main contribution to the mean dark current is the
diffusion process and where SCR generation current RTS can be observed.
First, when there is nearly no active defect in the SCR of the pixel array
except a few damaged pixels exhibiting dc-RTS. This is for instance the
case in accumulated PPD CIS pixel arrays exposed to nonuniform process
damage or nonuniform radiation damage (e.g., case of neutron irradiations).
In this case, the few damaged pixels exhibit a dark current dominated by
SRH centers with an RTS behavior (and thus a midgap center signature) well
above the background whereas the overall dark current of the whole pixel
array remains dominated by the diffusion current. Second, when the dark
current diffusion background is high enough to dominate the dark current
pedestal of most of the pixels despite the significant density of defects in
their SCR. This can happen for example in silicon pixel arrays (with depleted
TG) at elevated temperature or in HgCdTe at operating temperature. In this
situation, most of the observed dc-RTS amplitudes are small compared to
the dark current pedestals and, even if numerous, they do not influence the
overall mean dark current activation energy whereas the activation energy of
their dc-RTS amplitude exhibits a midgap signature.
2The parameters listed in this table are assumed to be independent of
pixel design, pixel dimensions, and manufacturing process. Absolute mean
dark current values are not given here because they depend directly on pixel
dimensions, pixel design, and process quality.
However, as the defect or cluster of defects can be spread
over a large distance, the modulator (or the modulating part
of the large defect) could be located outside the SCR and
influence the generation rate of the defect (or the part of the
defect) inside the SCR. Moreover, as extended defects present
very large sizes at atomic level, it is also possible that these
defects create localized SCR themselves [31], which could
also influence the generation rate of the RTS source.
The second hypothesis corresponds to the involvement of
a metastable defect exhibiting several possible configurations
without a change of charge state [2], [5]–[7]. The existence
of such defects switching spontaneously between several geo-
metrical configurations thanks to the interaction with a phonon
has been discussed in several articles [8], [32]–[34]. This
hypothesis seems compatible with the signatures observed for
all the devices analyzed in this article.
VI. CONCLUSION
This work has compared photodiode dark current RTSs
in several detector materials and technologies: silicon, InSb,
HgCdTe, and InGaAs. The silicon and InSb results are coming
from the experiment described in this article whereas the
HgCdTe and InGaAs results are taken from the literature.
It showed that the behavior is similar in all the cases: ampli-
tude distributions, time constants, and temperature dependence
have the same characteristics. Moreover, the origin of the
mechanism seems to be the same in all the studied materials.
Generation centers inside an SCR seem to be the source of
the dark current RTS signals, whatever the origin of the main
pedestal dark current (e–h pair generation in the depletion
region or diffusion current). Consequently, the photodiode
leakage/dark current RTS phenomenon does not seem depen-
dent on the semiconductor material and conclusions regarding
dark current RTS obtained on a given semiconductor material
are probably applicable to the other detector technologies.
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